Abstract: The transcriptional profiles of chicken macrophages (HO 11) infected with Salmonella enter/ca serovar Enteritidis (SE) were analyzed by using an avian macrophage microarray and real time RT-PCR. Out of 4,906 array elements interrogated, 269 genes exhibited a 2 fold change (P <0.001) over a 24 h time-course. Genes coding for proinflammatory cytokines, CC and cxc chemokines, and chemokine ligand were upregulated; whereas genes associated with transcription, cell adhesion and proliferation were downregulated. Most transcriptional changes occurred at 5 hours post-inoculation (hpi), with more genes downregulated than upregulated. At 5 hpi, the levels of gallinacin 1, lymphotactin, RhoA, and MHClB2Mtranscripts were significantly decreased. In contrast, the levels of Cdc42 and MHCIIBLB2 mRNA were elevated. Infection of H011 cells with mutant SE strains carrying an inactivated type three secretion system (TTSS1 or TTSS2) induced significantly higher levels of CCL4, K203, Iymphotactin, and RhoA than wild type SE. In conclusion, chicken macrophage genes belonging to diverse functional classes were transcriptionally modulated by SE and selective modulation of host innate responses involved the effectors of TTSS1/2.
INTRODUCTION
Salmonella enterica induced enterocolitis is a common cause ofbacterial foodborne disease worldwide. Among more than 2,300 serovars, Enteritidis (SE) remains the second etiologic agent of nontyphoidal salmonellosis, accounting for 18.6% of all cases in the United States (US) [1] . In recent years, a definite upward trend in SE incidence has been observed in the US. The number of SE cases increased 25% in 2005 and 28% in 2006 over the average incidences from 1996 to 1998 [2] . Poultry meat and egg products have been identified as the major sources of human SE cases. The organism colonizes the intestine of adult chickens and the oviduct of laying hens without causing overt clinical signs while contributing to carcass and egg contamination [3] . To effectively control SE contamination of poultry products, research should aim at understanding the immunological and molecular mechanisms underlying SE infection and colonization of chickens.
Host protective immunity involves both innate and acquired responses. Being the first line of defense, macrophages serve as professional phagocytes and secrete various cytokines and immune mediators critical to the clearance of microbial infections [ 4 ] . However, Salmonellae have evolved the ability to combat macrophagemediated killing by surviving and replicating within specialized vacuoles or the phagosomes of macrophages [5] . The organism possesses two virulence associated type three secretion systems (TTSS 1 and TTSS2), which are responsible for the invasion of epithelial cells and survival in macrophages, respectively. At the present time, the complex interplay between SE and chicken macrophages remains to be understood. The newly developed avian macrophage-specific cDNA microarray (AMM) has made it possible to monitor the expression ofthousands ofgene transcripts in infected macrophages [6] . In this study, the transcriptional response of chicken macrophages to SE infection was investigated using the AMM system. In addition, the role of the TTSS1/2 in modulating immune gene expression during SE infection was also analyzed.
MATERIALS AND METHODS

Bacterial strains
SE 100, a spontaneous nalidixic acid (Nal)-resistant mutant of SE 338, was selected by the serial passage method. TTSSI and TTSS2 mutants, designated as SE103 and SE 106, were constructed by introducing the suicide vector pEPI 85.2 into the open reading frames of SipA and PipB, respectively, as described [7] . The SE strains were cultured in LB broth containing 50 Vg/ml of Nal for 18 h at 37°C with shaking at 200 rpm. Bacteria in the stationary phase of growth were resuspended in HBSS, and placed on ice prior to inoculation.
Macrophage culture and infection
HD 11, a chicken macrophage cell line, was maintained as monolayers at 39°C in RPM 1640 supplemented with 10% foetal bovine serum, 2% chicken serum, 2 mM glutamine, 50 U of penicillin G. and 50 pg/mI of streptomycin in a 5% CO2 humidified atmosphere. The HD 11 cells were inoculated with SE strains at an MOl of 10, and incubated for 1 hat 39°C. Following incubation, HDII cells were washed three times with HBSS and treated with 100 pg/mI of gentamicin to remove and kill extracellular bacteria. The infected cells were maintained at 39°C in PRMI 1640 supplemented with 5% foetal bovine serum. 2% chicken serum. 2 mM glutaminc. and 50 pg ml of gentamicin.
RNA extraction
At 2, 5, and 24 hours post-inoculation (hpi), total RNA was prepared from infected and uninfected HDI 1 cells using TRIzol (Life Technologies). PolyA RNA was isolated using the Poly(A) Tract mRNA Isolation System IV (Promega).
cDNA microarray hybridization and data analysis
The AMM eDNA microarray was constructed as described previously [6] . Poly-A RNA from each sample (1.5 rig) was amplified into amino allyl modified RNA (aRNA) using the Ambion Amino Ally] messageAmp II aRNA Amplification kit (Ambion). aRNA (20 tg) was fluorescently labeled with AlexaFluor 555 (Cy3) or AlexaFluor 647 (Cy5). Hybridizations (60 p1) wereperformed in Mica hybridization chambers (GeneMachines) at 50°C overnight. After hybridization, slides were rinsed in 0.5 X SSC, 0.01% SDS at room temperature and then washed for 15 min in 0.2 X SSC, 0.2% SDS at 50°C, three times for I min in 0.2 X SSC at room temperature, and finally three times for I min in water at room temperature. Washed slides were scanned with an ArrayWoRx scanner (Applied Precision) using Cy3 and Cy5 filters. Spot and background intensities were acquired using SoftWoRx tracker (Applied Precision) and data analysis was performed using GeneSpring v7.0 (Silicon Genetics) as described previously [6, 8] . Background intensity was determined using the GeneSpring cell method. Abnormal spots (dust, bubbles) and spots with intensities not greater than background +2 standard deviations were flagged as abnormal. Elements that were not represented by at least two replicate spots on each slide were removed from further analysis. Elements exhibiting greater than 2 fold changes in signal intensity during at least one time point were analyzed by ANOVA using the Benjamini and Hochberg's false discovery rate (FDR) multiple testing correction with a P-value of< 0.001 to determine which biologically significant changes were also statistically significant. Statistical analysis was performed using the Significance Analysis of Microarray (SAM) software as described.
EST annotation and Gene Ontology analysis
All sequence data files were obtained from NCBI (http://www.ncbi.nlm.nih.gov ). EST elements on the array were identified to reference RNA and protein sequences and UniGene sequence databases using NCBI Blast (version 2.2.13). Entrez gene and Homologene databases of chicken, human, and mouse from NCBI were used to gather gene information (gene identification number, symbol, and name) and Gene Ontology terms to biological processes. Python (version 2.2.4) and SQL scripts were used to process and manipulate Blast results and data processing, respectively.
Real time reverse transcription PCR (RRT-PCR)
RRT-PCR was conducted using MultiScribe reverse transcriptase (Invitrogen) and the DNA labeling dye SYBR Green (Applied Biosystems). The DNA sequences of chicken b-actin, and selected immune genes tested were obtained from NCBI (Table I) . Real-time PCR amplification of b-actin transcripts were used to normalize the eDNA concentrations of different samples. The changes in immune gene expression in infected HD II cells were determined using the comparative CT (2MCT S) method as described previously [9] .
RESULTS
Gene expression in SEIOO-infected HDII cells
Over a 24 h time-course, 269 out of 4,906 array elements (number of elements spotted on the chips) exhibited a 2 fold change with a statistical significance (P < 0.001). Of those 269 elements, 86 genes (32%) were upregulated and 183 (68%) were downregulated (Fig. 1) . The kinetic analysis ofgene expression also demonstrated that most transcriptional changes occurred at 5 hpi, with more gene downregulated than upregulated (Fig 1) . Table 2 shows a partial list of the genes significantly modulated by SE100 at 5 hpi. Gene Ontology analysis of the transcripts revealed significant alterations in diverse functional processes, including apoptosis, cell adhesion, cytoskeleton, growth and differentiation, immune response, metabolism, transcription, translation, and transport (Fig. 2). k, - Signaling, 4 Response to" Proteolysis, 2 stimulus, 1 Fig. 2 : Gene Ontology analysis of HD 11 transcripts exhibiting greater than 2 fold changes (P < 0.001) at 5 hours post infection with SE 100. Chemokine activity A1980332 Lymphotactin pmplc.pk007.c06 -2.6
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Host cell adhesion and cytoskeleton
At 5hpi, SE 100 had disparate effects on the genes related to cell adhesion and cell cytoskeleton. For example, the expression of PPFIBP 1, a protein that interacts with protein-tyrosine phosphatase receptor type F (PTPRF) was upregulated. In contrast, catenin, a subunit ofmultiprotem cell-cell adhesion complex was downregulated.
In addition, SE 100 activated Tubb], a gene coding for tubulin beta 1, but repressed the expression of genes whose protein products are involved in actin binding (THYMOSTh134, PROFILIN1) and microtubule depolymerization (STATHMIN1, MIDI interacting protein 1).
Cell division, differentiation, and proliferation
Numerous genes involved in cell differentiation, growth, and proliferations were downregulated, except Cdc42 and Igflr that encode a small GTPase and an insulinlike growth factor 1 receptor, respectively. Among the downregulated genes, some (Loc 776531, Fzd9, L1g12, 00, Hras, and Ywhaq) promote cell differentiation and proliferation while others (Phb and Sertad2) function as negative regulators.
Immune response genes
SE 100 significantly altered the expression of immune response genes, including those encoding proinflammatory cytokines, chemokines, MHC antigens, and cluster differentiation (CD) molecules. Among SE-induced chemokines, CCL4 (MIP1B), CCL5 (RANTES), and CCL20 (MIP3A) are responsible for recruiting leucocytes, especially eosinophils, basophils, and lymphocytes to the site of inflammation [11, 12] . K60, a functional homolog of CXCL8 (1L8), is a potent chemotactic factor for heterophilic granulocyte [12] . Although SE 100 elicited the expression of CC and CXC chemokines, it suppressed the transcription of lymphotactin (C chemokine) and gallinacinl. The expression of MHCIIBLB2 was upregulated, but HLADMB and MHCIB2 microglobulin, as well as PSME1 (proteasome activator 28 a protein) were downregulated. Additional genes downregulated by SE 100 were RhoA and NFRKB. RHOA is a small GTPase with multiple biological functions, including activation of NFRKB that binds to the related kappa B site and promotes the transcription of 1L2 receptor alpha.
SipA/P1pB-associated transcriptional changes
To determine whether the effector proteins ofTTSS 1/2 are involved in modulating host immune responses, the expression levels of several chemokines, RhoA, and MHCIB2M in HD 11 cells infected with SE 100 (wild type), SE 103 (SipA), or SE 106 (PipB) were compared (Fig. 3) . Data from RTPCR analyses indicated that SE 103 and SE 106 elicited higher levels of CCL4 (MIP 1 B), K60, and K203. SE 106 showed a less inhibitory effect on the transcription of lymphotactin, compared to SE 100. In sharp contrast to SE 100, which suppressed the transcription of RhoA, SE 103 and SEI06 upregulated the expression of RhoA. Neither SE103 nor SE106 played a significant role in SE 100-associated repression of MHCIB2M. 
DISCUSSION
The AMM was used to study the transcriptional response of chicken macrophage to SE infection. Although host response to SE was rapid and persisted throughout the course of the infection, most transcriptional changes occurred at 5 hpi, which is consistent with previous findings using mammalian cell models [ 9 ] . As expected, HD 1 cells launched a proinflammatory response, as evidenced by the elevated expression of CC and CXC chemokines as well as cytokine IL!, which is critical to the clearance of infections. In this study, the genes involved in acquired immunity were transcriptionally modulated by the infection. Induction ofIL6 and MHCIIBLB2 and repression of MHCIB2M and PSME1 (PA28A) suggest that SE promotes a humoral response over a cell-mediated response in chicken hosts.
It is noteworthy to point out that SE 100 induced the transcription of Cdc42, but repressed RhoA and Hras. CDC42, RHOA, and HRAS are molecular switches in the regulation of diverse cellular functions, including signal transduction, cytoskeleton organization, and membrane trafficking. It is known that Salmonella TTSS 1 effectors (SOPB and SOPE) activate CDC42, thereby facilitating actin rearrangement and bacterial internalization [13] . Data from this study provides first evidences that SE can also induce the transcription of CDC42. We also found that SE 100 had an inhibitory effect on host cell proliferation, signal transduction, and transcription regulation. Although the exact biological consequences of such downregulation remain to be unravelled, it is likely that persistence of SE in the chicken host involves a mechanism of selective modulation of certain innate response genes by bacterial virulence factors.
In this study, SE 103 (SipA) and SE 106 (PipB) elicited higher transcription levels of certain chemokines and RhoA, suggesting a role for SipA and PipB in suppressing host innate responses. In conclusion, our data revealed that host genes belonging to diverse functional classes were transcriptionally modulated by SE. Further studies are necessary to gain insight into how TTSSI/2 transcriptionally modulates host cellular patJt avs.
